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ABSTRACT
A recent observation by the EDGES collaboration shows a strong absorption signal
in the global 21-cm spectrum from around a redshift of z = 17. This absorption is
stronger than the maximum prediction by existing models and indicates that the
spatial fluctuations of the HI 21-cm brightness temperature at Cosmic Dawn could be
an order of magnitude larger than previously expected. In this paper, we investigate
the prospects of detecting the HI 21-cm power spectrum from Cosmic Dawn using
uGMRT.We find that a 10σ detection of the enhanced HI 21-cm signal power spectrum
is possible within 70, 140 and 400 Hours of observation for an optimistic, moderate
and pessimistic scenario respectively, using the Band-1 of uGMRT. This could be an
useful probe of the interaction between the baryon and dark matter particles in the
early universe. We also present a comparison of the uGMRT predictions with those
for the future SKA-Low.
Key words: Interferometric; cosmology: observations, Cosmic Dawn, large-scale
structure of Universe
1 INTRODUCTION
Observations with the Experiment to Detect the Global
Epoch of Reionization Signature (EDGES) have recently re-
sulted in the detection of an absorption profile with full
width half maxima (FWHM) 19MHz centred at 78MHz
in the sky averaged spectrum of the background radia-
tion in the frequency range 50 − 100MHz (Bowman et al.
2018). If confirmed by other similar experiments like
the Large-Aperture Experiment to Detect the Dark Ages
(LEDA; Bernardi et al. 2016) , the Sonda Cosmolo´gica de
las Islas para la Deteccio´n de Hidro´geno Neutro (SCI-HI;
Voytek et al. 2014), the Probing Radio Intensity at high z
from Marion (PRIZM; Philip et al. 2018) and the Shaped
Antenna measurement of the background Radio Spectrum 2
(SARAS 2; Singh et al. 2017), this can be interpreted as the
neutral Hydrogen (HI ) 21-cm absorption profile resulting
from the Lyman-α coupling due to the formation of the first
stars in the early universe (Pritchard & Loeb 2012). How-
ever, the observation indicates a dip with amplitude 0.5K
which is more than a factor of two larger than the largest pre-
dictions (Cohen et al. 2017). Barkana (2018) have proposed
that it is possible to explain this enhanced dip through a
⋆ E-mail: suman05@phy.iitkgp.ernet.in
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possible interaction between the baryons and dark matter
particles (b-DM interaction). Such models (Barkana 2018;
Fialkov et al. 2018) have predicted a 10 fold enhancement
of the spatial fluctuations of the redshifted HI 21-cm bright-
ness temperature δTb(x). We note that other alternative ex-
planations have also been proposed (Ewall-Wice et al. 2018;
Feng & Holder 2018) to explain the enhanced dip. The latter
models incorporate an enhancement in the radio background
and they do not predict such enhancement in δTb(x).
Dvorkin et al. (2014),Tashiro et al. (2014),Mun˜oz et al.
(2015) and Xu et al. (2018) have considered b-DM interac-
tion in the context of cosmology and large-scale structure
formation. Barkana (2018) have assumed a non-standard
Coulomb-like interaction between dark-matter particles and
baryons that does not depend on whether the baryons are
free or bound within atoms. By combining this with the ra-
diation emitted by the first stars during cosmic dawn, they
find a strong 21-cm absorption that can explain the fea-
ture measured by EDGES. These models (Barkana 2018;
Fialkov et al. 2018) also predict a 10 fold enhancement of
the spatial fluctuations of the redshifted HI 21-cm brightness
temperature δTb(x). Mun˜oz & Loeb (2018) explore whether
dark-matter particles with an electric “minicharge” can sig-
nificantly alter the baryonic temperature and affect the
global 21-cm signal. They find that the entire dark matter
cannot be minicharged at a significant level, the constraints
c© 2018 The Authors
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coming from Galactic and extragalactic magnetic fields.
However, minicharged particles that comprise a subpercent
fraction of the dark matter and have a charge ∼ 10−6 in
units of the electron charge and masses mχ ∼ 1 − 60MeV
can significantly cool down the baryons and explain the
EDGES result while remaining consistent with other ob-
servational constraints. In a recent paper, subsequent to the
submission of the present paper, Mun˜oz et al. (2018) have
analysied the 21-cm brightness temperature fluctuations for
the minicharge model. Their study confirms a significant en-
hancement in the predicted 21-cm brightness temperature
fluctuations, including an increase in the amplitude of the
baryon acoustic oscillation.
Upcoming experiments such as the Hydrogen Epoch
of Reionization Array (HERA; DeBoer et al. 2017) and the
Square Kilometre Array (SKA; Koopmans et al. 2015) have
the potential of measuring the HI 21-cm power spectrum
from Cosmic Dawn (50 − 100MHz). Both of these experi-
ments should easily be able to measure the corresponding
enhanced HI 21-cm power spectrum predicted by the b-DM
interaction models (Barkana 2018).
The Giant Meterwave Radio Telescope (GMRT;
Swarup et al. 1991) is one of the largest and most sensi-
tive fully operational low-frequency radio telescopes in the
world today. The array configuration of 30 antennas (each
of 45m diameter) spanning over 25 km, provides a total col-
lecting area of about 30, 000 sq.m at metre wavelengths.
The GMRT is being upgraded (uGMRT, Gupta et al. 2017)
to have seamless frequency coverage, as far as possible,
from 50 to 1500MHz. Band-1 of uGMRT, which is yet
to be implemented, is expected to cover the frequency
range 50− 80MHz. Earlier Shankar et al. (2009) envisaged
a 50MHz system developed for GMRT to provide imaging
capability in the frequency range 30− 90MHz.
In this paper, we investigate the prospects of detecting
the redshifted HI 21-cm signal power spectrum from Cosmic
Dawn using the uGMRT. For the purpose of this analysis
we have considered a functional bandwidth of B = 20MHz
centred at νc = 78MHz, consistent with the frequency cov-
erage described in Shankar et al. (2009). Frequencies above
90MHz are used for FM transmission which restricts the al-
lowed frequency range. We have also carried out a similar
analysis for the future SKA-Low, and we present a compar-
ison of the predictions for the uGMRT with those for the
future SKA-Low.
2 METHODOLOGY
We have simulated the uGMRT baseline configuration for
8 hours of observation targeted on a field at +60◦ DEC with
16 s integration time. The entire analysis has been restricted
to baselines with antenna separations within 2 km, which
contains the bulk of the cosmological signal. We assume that
the bandwidth B = 20MHz is divided into Nc = 200 spec-
tral channels of ∆νc = 100KHz. Note that the values of B,
Nc and ∆νc assumed here are only representative values, and
the actual values in the final implementation of the telescope
may be somewhat different. The 20MHz bandwidth spans
the redshift range z = 15 to 20, and the HI 21-cm power
spectrum may evolve significantly within this redshift range.
Consequently we have considered three bands each of width
6MHz centred at 72MHz, 78MHz and 84MHz which cor-
respond to z = 18.7, 17.2 and 15.9 respectively. We assume
that the measurements from these three bands are combined
to enhance the signal-to-noise ratio (SNR).
Considering the simulated baseline u − v distribution,
we use k⊥ = 2piU /r and k‖m = 2pim/r
′
B to estimate the
Fourier modes at which the brightness temperature fluctua-
tions ∆T (k) will be measured by this observation. Here U
refer to different baselines, 0 6 m 6 Nc/2, r is the co-moving
distance corresponding to νc and r
′
= dr/dν evaluated at
ν = νc. We assume that the measured ∆T (k) values are grid-
ded in (k⊥, k‖) space with a grid spacing ∆k⊥ = 2piD/λcr
and ∆k‖ = 2pi/r
′
B, and the gridded values are used to es-
timate the power spectrum P (kg) at each grid point kg.
Here we have used the simulation to estimate the sampling
function τ (kg) which refers to the number of distinct ∆T (k)
measurements that contribute to each grid point kg.
For the Cosmic Dawn HI 21-cm signal we have used
the value of the dimensionless HI 21-cm power spectrum
∆2HI (k) = k
3PHI (k)/2pi
2 from earler works (Santos et al.
2010; Mellema et al. 2013), where PHI (k) refers to the
HI 21-cm power spectrum. (Barkana 2018; Fialkov et al.
2018). We have used the z = 17 HI 21-cm power spectrum
predictions from Santos et al. (2010) as the fiducial model
for all the three bands which we have considered here. These
values correspond to the standard scenario, we expect a 10
fold enhancement in the brightness temperature fluctuations
i.e. a dimensionless power spectrum of 100∆2HI in the pres-
ence of the b-DM interaction
In addition to the HI 21-cm power spectrum, we also
have the noise power spectrum PN(k⊥, k‖) which can be es-
timated as follows. The measured power spectrum is related
to the observed visibilities V (U , ν) as
P (k⊥, k‖) =
r
′
Q˜
∫
〈V (U , ν)V ∗(U , ν +∆ν)〉d(∆ν) (1)
which can be obtained from (eq. 15.) of Bharadwaj & Ali
(2005), where Q˜ = (∂B/∂T )2r−2
∫
A(θ)2d2θ, A(θ) is the
primary beam pattern of the telescope, (∂B/∂T ) = 2kB/λ
2,
Considering the noise contribution N(U , ν) to the observed
visibilities V (U , ν), and assuming that the noise at two dif-
ferent frequency channels is uncorrelated, we have the noise
power spectrum contribution from the visibilities measured
at a single baseline U to be
PN(k⊥, k‖) =
r
′
〈| N(U , ν) |2〉∆νc
Q˜
(2)
which is independent of k‖. The real and imaginary parts
of N(U , ν) both have equal variance σ2N (Chengalur et al.
2007) with
σ2N =
2
Np∆νc∆t
(
kBTsys
ηAg
)2
(3)
where Tsys is the system temperature, ∆t is the integration
time, Np is the number of polarizations and the antenna
efficiency η is defined through λ2/η Ag =
∫
A(θ)d2θ where
Ag is the geometrical area of the antennas.
In our analysis we have gridded the simulated baseline
distribution on to the (k⊥, k‖) grid introduced earlier. Fig-
ure 5 of Choudhuri et al. 2014 shows the baseline distribu-
tion corresponding to the uGMRT observations considered
MNRAS 000, 1–?? (2018)
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here. Note that the U values need to be multiplied by a
factor of ≈ 2 to scale them from 150MHz (Choudhuri et al.
2014) to the central frequency 78MHz considered here. We
see that the simulated baselines do not uniformly sample the
u− v (or equivalently k⊥) plane, and we have used the grid
sampling function τ (kg) to quantify the number of baselines
which contribute to each grid point kg. Incorporating this,
the noise power spectrum at each grid point can be expressed
as
PN (kg) =
T 2sys r
′
r2
∆tNp η˜ τ (kg)
, (4)
where we have defined the dimensionless factor η˜ =
[
∫
A2(θ)d2θ]/[
∫
A(θ)d2θ]2.
We have assumed the system temperature Tsys =
3000K, number of polarizations Np = 2 and integration time
∆t = 16 s. At the frequencies of our interest the uGMRT
primary beam pattern is well approximated by a Gaussian
A(θ) = e−(θ/θ0)
2
with θ0 = 3.1
◦ whereby η˜ = 54.4. Note
that it is well justified to use the flat sky approximation
for the uGMRT. The analysis till now considers 8 hours
of observation which roughly corresponds to a single night.
For longer observations, the noise power spectrum has been
scaled inversely with the number of observing nights.
We have binned the k-range accessible to uGMRT
into 10 logarithmic bins. For each bin a,we the binned
power spectrum Pa =
∑
g wgP (kg) is a weighted sum
of the power spectrum measured at all the grid points
within the bin. The weights have been chosen as wg =
APHI (kg)/[PHI (kg) + PN (kg)]
2 (with normalization con-
stant A) to optimise the SNR.We use the variance (∆Pa)
2 =
1/
∑
g[PHI (kg) + PN (kg)]
−2 to quantify the uncertainty
with which it will be possible to measure power spectrum in
each bin.
Foreground removal (e.g. Ali et al. 2008) is an impor-
tant issue for detecting the cosmological 21-cm power spec-
trum. Several studies have shown that the foregrounds are
expected to be confined to a wedge which is approximately
bounded by
k‖ 6
[
r sin(θl)
r′ νc
]
k⊥ (5)
in the (k‖, k⊥) plane (Datta et al. 2010; Vedantham et al.
2012; Morales et al. 2012; Parsons et al. 2012; Trott et al.
2012) where θl refers to the largest angle (relative to the
telescope’s pointing direction) from which we have a signif-
icant foreground contamination. Only the k-modes outside
this “foreground wedge” can be used for power spectrum
estimation. The exact extent of this wedge is however still
debatable (see Pober et al. 2014 for a detailed discussion),
and for the purpose of this work we consider three different
cases which differ in the extent of the foreground wedge.
• Case I: This is the most optimistic scenario, where we
assume that the foregrounds have been removed perfectly
and the whole k space accessible by uGMRT is available for
measuring the HI 21-cm signal.
• Case II: In this moderate scenario we assume that
the foreground contributions from angles beyond θl = 18
◦
from the center of the field of view are highly suppressed
by tapering the sky response (Choudhuri et al. 2014). Note
that the first null of the uGMRT primary beam pattern at
78MHz is expected at ∼ 6◦. In this case the Fourier modes
k‖ 6 1.813 |k⊥| are foreground contaminated (eq. 5), and
only the modes outside this foreground wedge are used for
measuring the HI 21-cm signal.
• Case III: In this pessimistic scenario we assume that
the foreground contribution extends till the horizon (θl =
90◦) , and the Fourier modes k‖ 6 5.964 |k⊥| are fore-
ground contaminated (eq.5). Only the modes outside this
foreground wedge are used for measuring the HI 21-cm sig-
nal.
3 RESULT
We first consider very large observing times for which PN →
0, and the 1− σ error ∆Pa on the measurement of Pa con-
verges to the cosmic variance. We find that SNR > 5 can be
achieved at k > 0.02Mpc−1, 0.04Mpc−1 and 0.1Mpc−1 for
Case I, Case II and Case III respectively. We only consider
these k-modes for our subsequent analysis. We see that in
all the three cases there is a reasonably large k-range where
a detection is possible provided we have sufficiently deep
observations.
The system noise dominates ∆Pa for small observing
times. Figure 1 shows a comparison between the dimen-
sionless HI 21-cm signal power spectrum and the corre-
sponding 1 − σ error. For Case I we find that 100∆2HI
and 10∆2HI can be detected with 100 and 500 hours of
observation for Fourier modes 0.06 < k < 0.5Mpc−1 and
0.06 < k < 0.25Mpc−1 respectively. However, a detection
of ∆2HI will require more than 1000 hours of observation. In
Case II, it is possible to detect 100∆2HI and 10∆
2
HI in the
k-range, 0.1 < k < 0.45Mpc−1 and 0.1 < k < 0.25Mpc−1
in 100 and 500 hours of observation respectively. For the
pessimistic scenario, i.e. Case III, we find that 100∆2HI
can be detected in 100 hours of observation in the k-range
0.1 < k < 0.4Mpc−1 and the detection of 10∆2HI will re-
quire more than 1000 hours of observation.
We finally consider the situation where all the available
k-modes are combined for a detection of the HI 21-cm signal.
Here we have a single parameter AHI which is the amplitude
of the HI 21-cm power spectrum. We have estimated the
SNR for the measurement of AHI using
SNR2 =
1
2
∑
kg
[
∂PHI (kg)
∂lnAHI
]2
[PHI (kg) + PN(kg)]
−2 . (6)
Figure 2 shows the predicted SNR as a function of the
observing time. The horizontal solid and the dot-dashed
lines mark the SNR value of 10 and 5 respectively. For Case I
we find that a 10σ detection of 100∆2HI , 10∆
2
HI and ∆
2
HI is
possible in ∼ 70, 700 and 6000 hours of observation respec-
tively. A 5σ detection of ∆2HI can be achieved in 3000 hours
of observation. In Case II and Case III, it takes ∼ 140, 1400
hours and ∼ 400, 4000 hours for a 10σ detection of 100∆2HI
and 10∆2HI respectively. It is not possible to detect ∆
2
HI
within reasonable observation time when we consider the
pessimistic scenario.
For comparison, we consider the upcoming SKA-Low
which will operate within a frequency range of 50−350MHz
and investigate the prospects of detecting the redshifted
HI 21-cm signal power spectrum from Cosmic Dawn. SKA-
Low is expected to be an array of ∼ 513 stations, each
MNRAS 000, 1–?? (2018)
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Figure 1. This shows a comparison of the dimensionless HI 21-cm signal power spectrum and the corresponding 1 − σ error for an
uGMRT observation. The left, middle and right panels show results for Case I, II and III respectively. The HI signal is shown in dashed
lines (as mentioned in the figure). The error on the measurement of the power spectrum for 100, 500 and 1000 hours is shown in solid,
dotted and fine-dotted lines respectively.
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Figure 2. The left, middle and right panels show the predictions for Case I, II and III respectively when all the available k-modes are
combined. The dashed, dotted and fine-dotted lines show the predictions for the HI 21-cm signal power spectrum ∆2HI , 10∆
2
HI and
100∆2HI respectively . The horizontal dot-dashed and solid lines mark the SNR of 5 and 10 respectively.
of diameter D = 35m . Modelling each station as hav-
ing a circular aperture of diameter 35m we estimate the
primary beam pattern to have a full-width at half-maxima
(FWHM) of 6.44◦, and we model the primary beam pattern
as a Gaussian A(θ) = e−(θ/θ0)
2
with θ0 = 0.62 θFWHM = 4
◦
(Choudhuri et al. 2014). Using this we have calculated η˜ =
39.44 at the frequency of our interest. We have simulated
the SKA-Low baseline distribution corresponding to 8 hrs of
observation towards a fixed pointing direction at declination
δ = −30◦. We have used the proposed SKA-Low1 antenna
configuration for our simulation. The rest of the analysis
was carried out along exactly the same lines as that for the
uGMRT. Note that the grid spacing ∆k⊥ was scaled appro-
priately to account for the different value of the diameter
D, whereas the value of ∆k‖ was maintained the same as
for the uGMRT. Figure 3 shows a comparison between the
dimensionless HI 21-cm signal power spectrum and the cor-
responding 1 − σ error. For Case I we find that ∆2HI can
1 SKA1- LowConfigurationCoordinates-1.pdf
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be detected with 100 hours of observation for Fourier modes
0.02 < k < 1.0Mpc−1. However, a detection of 10∆2HI and
100∆2HI will require less observation time. In Case II, it is
possible to detect ∆2HI in the k-range, 0.1 < k < 1.0Mpc
−1
and for the pessimistic scenario, i.e. Case III, we find that
∆2HI can be detected in 100 hours of observation in the
k-range 0.2 < k < 1.0Mpc−1. This results are significantly
promising when compared to the uGMRT. It is a direct con-
sequence of the fact that SKA-Low has larger number of an-
tennas and better uv-coverage when compared to uGMRT.
It is interesting to note that for SKA-Low the 1−σ errors do
not decrease very much as the observing time is increased
from 100 to 1000 hrs, whereas we find a pretty significant de-
crease for uGMRT (Figure 1). This indicates that the 1− σ
errors for the SKA-Low are largely cosmic variance domi-
nated whereas these are the system noise dominated for the
uGMRT. Figure 4 shows the predicted SNR as a function
of the observing time for SKA-Low. The horizontal solid
and the dot-dashed lines mark the SNR value of 20 and 10
respectively. For Case I, II and III we find that a 20σ de-
tection ∆2HI is possible in ∼ 40, 60 and 200 hours of obser-
vation respectively. Here again it is interesting to note that
for SKA-Low the SNR does not increase as rapidly with the
observing time as for the uGMRT (Figure 2). As noted ear-
lier, this is a consequence of the fact that for SKA-Low the
cosmic variance makes a larger contribution to the total er-
ror budget as compared to the uGMRT. Our predictions for
SKA-Low are roughly consistent with the earlier predictions
of Koopmans et al. (2015).
The upcoming experiment, the Hydrogen Epoch of
Reionization Array (HERA; DeBoer et al. 2017) a 350-
element interferometer is also expected to operate from 50
to 250MHz. Note that HERA is a drift scan instrument un-
like uGMRT and SKA-Low which can track a fixed pointing
direction on the sky. Considering 1000 hrs of observation, at
z = 17 the HERA sensitivity is about 8 times better for
the cosmic dawn HI 21-cm power spectrum measurement
(DeBoer et al. 2017) as compared to uGMRT.
4 CONCLUSION
If the proposed b-DM interaction (Barkana 2018;
Fialkov et al. 2018) enhances the Cosmic Dawn HI 21-cm
power spectrum, it can be detected with the Band-1 of
uGMRT within reasonable hours of observation. Such a
detection would be an independent confirmation of the
enhanced dip reported by Bowman et al. (2018). The b-DM
scattering model depends upon two additional parameters:
the mass of the DM particles, 0.0032 < mχ < 100GeV
and the cross-section 10−30 < σ1 < 3.16 × 10
−18 cm2. This
interaction model enhances the Cosmic Dawn HI 21-cm
brightness temperature fluctuations and the maximal fluctu-
ation amplitude (due to b-DM scattering only) is predicted
to be between 0 and 850mK, while the maximal fluctuation
amplitude without b-DM scattering has been predicted to
be anywhere between 1.5 and 90mK (Fialkov et al. 2018).
With the measurement of the Cosmic Dawn HI 21-cm
power spectrum, one expects to constrain the mχ − σ1
parameter space. Observations with the Band-1 of uGMRT
hold the prospect of being an interesting probe of the b-DM
interaction in the early universe. Even upper limits from a
non-detection of this power spectrum would impose useful
constraints on the mass of the DM particles, the scattering
cross-section and the proposed b-DM interaction. We also
note that the observations with the Band-1 of uGMRT hold
the possibility to constraint the “minicharged” dark matter
models. Even an upper limit from a non-detection of the
the Cosmic Dawn HI 21-cm power spectrum can put an
upper limit on such “minicharged” dark matter models. For
example, considering 1000 hrs of observation with Case I,
uGMRT would be sensitive enough to rule out models with
the fraction of “minicharged” dark matter particles in the
range fdm > 0.03 based on the HI 21-cm power spectrum
predictions of Mun˜oz et al. (2018).
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